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Underwater Discharge Phenomena in Inhomogeneous  
Electric Fields Caused by Impulse Voltages 

 
 

Bok-Hee Lee†, Dong-Seong Kim* and Jong-Hyuk Choi* 
 

Abstract – The paper describes the electrical and optical properties of underwater discharges in highly 
inhomogeneous electric fields caused by 1.2/50 ㎲ impulse voltages as functions of the polarity and am-
plitude of the applied voltage, and various water conductivities. The electric fields are formed by a 
point-to-plane electrode system. The formation of air bubbles is associated with a thermal process of 
the water located at the tip of the needle electrode, and streamer coronas can be initiated in the air bub-
bles and propagated through the test gap with stepped leaders. The fastest streamer channel experiences 
the final jump across the test gap. The negative streamer channels not only have more branches but are 
also more widely spread out than the positive streamer channels. The propagation velocity of the posi-
tive streamer is much faster than that of the negative one and, in fact, both these velocities are inde-
pendent of the water conductivity; in addition the time-lag to breakdown is insensitive to water con-
ductivity. The higher the water conductivity the larger the pre-breakdown energy, therefore, the ionic 
currents do not contribute to the initiation and propagation of the underwater discharges in the test 
conditions considered. 
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1. Introduction 
 
Recent research into pulsed power technology has led to 

considerable interest in conduction and breakdown phe-
nomena in water, particularly in its use as a working media 
for installations of electrical discharge technologies. Pulsed 
conduction and electrical discharges in water are widely 
used in various industrial and environmental applications, 
such as energy storage, switching in pulsed power systems, 
water purification and sterilization [1]-[5]. The electrical 
breakdown phenomena within liquids have been investi-
gated in detail, particularly in the field of electrical insula-
tion. However, investigations into the mechanisms and the 
nature of pulsed streamer discharges in liquids have not 
been so numerous. Gas phase streamer mechanisms cannot 
be directly applied to the breakdown phenomena in water 
since electron impact ionization and photo ionization are 
insignificant at the breakdown fields. Also, the characteris-
tics of the electrical breakdown, caused by pulsed voltages 
in tap and distilled water with lower conductivities, have 
only been partially investigated.  

Streamer discharge phenomena in water are known to be 
influenced by various factors, such as gap geometry, water 
conductivity, pressure, pulse duration, polarity, and ampli-
tude of the applied voltage [6]-[9]. It is generally assumed 
that “thermal” processes are associated with microsecond 
breakdown liquids, and “electron avalanche” processes are 

closely associated with the underwater discharges over 
shorter time scales. It is also important to determine 
whether an electron avalanche can occur in water at the 
breakdown fields [10]-[12]. The pre-breakdown growth is 
likely to proceed via electron avalanche in the bubbles that 
are present in the water [8]-[9]. An issue of fundamental 
breakdown is whether or not an electron avalanche can 
occur in the liquid water at the breakdown. Two leading 
theories of the initial breakdown mechanisms in water are: 
1) charge injection at the electrode/water interface, and 2) 
electron impact ionization in a low-density region of the 
water [5], [8], [12] The mechanism of the streamer corona 
initiation and propagation in water is still not well under-
stood, and more quantitative and detailed experimental 
results have to be determined.  

In order to understand clearly the underwater discharge 
phenomena associated with a streamer initiation, and 
propagation in the water under impulse voltages, the pre-
sent work focuses on investigating the streamer corona 
phenomena, and establishing the important parameters of 
the underwater electrical discharges under 1.2/50 ㎲ impulse 
voltages, in situations involving point-to-plane electrode 
systems, together with collecting the visual data and information 
emitted during the discharge developments. Some measured 
results and physical properties are also discussed in detail.  

 
 

2. Experiments  
 

2.1 Experimental Setup 
 
Fig. 1 shows a schematic diagram of the experimental 
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setup, which consists of a Marx generator, a test cell, and 
electrical and optical signal recording systems. The point-
to-plane electrode assembly is completely immersed in the 
center of the test cell, made of colorless and transparent 
acrylic board, and the test cell is filled with 8,000 cm3 of 
water at room temperature. The point electrode is made of 
a stainless steel 3 mm diameter needle with a conical end, 
and the tip radius of curvature is 0.1 mm. The plane elec-
trode is formed by a polished copper disc of a diameter of 
100 mm, with a quasi-Rogowski profile, and this is con-
nected to ground via a coaxial shunt of 0.02 Ω. The gap 
distance between the electrodes is 35 mm. 

 

 

Fig. 1. A schematic diagram of the experimental setup. 
 
In order to investigate the electrical and physical proper-

ties of underwater streamer discharges, high-speed devices 
for measuring the voltage, the current and optical images 
of the discharges have been used. Positive or negative 
1.2/50㎲ impulse voltages are applied to the needle elec-
trode and the test voltages are measured by means of a 
10,000:1 damped-capacitive voltage divider. The current is 
monitored by means of a sensitive current shunt with the 
step response time of less than 24 ns, and voltage/current 
waveforms have been recorded using a digital impulse ana-
lyzer. The discharge light images are analyzed with long 
exposure time photographs taken by a digital camera, and 
short exposure time photographs taken by a high-speed 
ICCD camera controlled via a gate unit.  

 
2.2 Methodology 

 
Distilled water at room temperature with a conductivity 

of 100 μS/m has been used as the trial solution. The water 
conductivity, measured via an electric conductivity meter 
(CM-21, TOA), is controlled by adding CuSO4·H2O, which 
is a good melting material. The light images of the dis-
charge, associated with the pre-breakdown and the break-
down processes, have been taken for different voltages and 
water conductivities using a digital camera triggered by the 
applied voltage pulse, and its exposure time set to 10 ms. 
The pre-breakdown development processes from the 
streamer corona initiation phase to the stepped leader 
propagation phase have been analyzed using current oscil-

lograms and the light images of the discharges. Various 
aspects have been investigated, including the electrical 
breakdown voltage, the streamer propagation velocity, the 
time-lag to breakdown, and the pre-breakdown energy sig-
natures. The detailed specifications for the main functions 
of the ICCD camera are listed in Table 1. 

The temporal sequence of the signals used to operate the 
ICCD camera is shown in Fig. 2 where it can be seen that 
the ICCD camera is triggered after a delay of a fixed time; 
this is the time required for the ICCD camera to record a 
light image. 

 
Table 1. Specifications of the ICCD camera used in this 

work  

Items Specifications 
Number of channels 8 

Exposure Time 5 [ns]-10 [ms] in 5 [ns] steps independently variable
Interframe Time 0 [ns]-20 [ms] in 5 [ns] steps independently variable

Delay to 1st exposure 50 [ns]-1 [ms] in 5 [ns] steps independently variable
Framing rates up to 200,000,000 [frame/s] 

Trigger Electrical signal(BNC connector)  
Threshold variable from 2-50 [V] 

 

Trigger

Delay
Duration

Inter-frameTrigger

Delay
Duration

Inter-frame
 

Fig. 2. Time signals to operate the ICCD camera. 
 
 

3. Results and Discussion  
 

3.1 Pre-breakdown Development Processes  
 
Electrical breakdown within liquids is generally pre-

ceded by events called “streamers”. The two possible 
mechanisms for streamer initiation need to be considered: 
the first is due to electron avalanche which cause electrons 
to be injected in the liquid and drift to the cathode, and the 
other is due to the formation of micro-bubbles which cause 
gaseous cavities to be formed that give rise to electrical 
breakdown in the gas bubbles. The electric field around the 
tip of the needle electrode, or the streamer channel, is 
highly increased, which causes an intense field emission 
current that eventually vaporizes the water. Also, the very 
high electric field causes a cavity due to the electro-
mechanical stress, which is proportional to the square of 
the electric field strength [9], [13]. 

When a positive voltage greater than 25 kV is applied, 
streamers are initiated and propagate towards the cathode. 
The positive streamer propagates from the anode, and elec-
trons fall into its tip from the water molecules located 
ahead of it, which become dissociated by the local intense 
electric field. The negative streamers start from the sharp 
point on the cathode when the applied voltage is greater 
than about 20 kV. The growth of the negative streamers is 
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aided by electrons bombarding the gas-water interface at 
the tip of the streamers, and this growth of the streamer 
causes its space charge field to increase exponentially [14].  

Fig. 3(a) shows examples of the time-integrated photo-
graphs of the streamer discharges in water in the case of 
the positive or negative impulse voltages being applied to 
the needle electrode. The filamentary shaped streamers are 
observable at the tip of the needle electrode, and corre-
spond to sequences of low-current streamer pulses. 
Streamer coronas develop in the water when a very high 
electric field is suddenly applied to the water gap causing 
an electron avalanche to grow directly in the water, leading 
to the propagation of a water streamer [15]. If the applied 
voltage is insufficient for bridging the test gap, the 
streamer coronas can cease, as shown in Fig. 3. 

The pre-breakdown current waveforms have been re-
corded to investigate the characteristics of the streamer 
corona propagation, and Fig. 3 (b) shows typical examples 
of the temporal developments of both the voltage and the 
discharge currents obtained when electrical breakdown 
does not occur. The streamer corona current pulses appear, 
after some delay time, when the applied voltage is in-
creased. The streamer current traces are made up of a large 
number of pulses with amplitude greater than 1 A which 
stop after a short time, and do not take place in an electrical 
breakdown. These current waveforms consist of the con-
duction current component and form a sequence of short 
corona current pulses corresponding to the streamer regime, 
that is, the streamer corona current pulses are superim-
posed on the conduction current, which is proportional to 
the applied voltage. The ionic currents make little contribu-
tion to breakdown initiation since they play no role in its 
formation on the short time scales [8].  

 

Positive polarity          Negative polarity 

Fig. 3. Time-integrated photographs of the streamer dis-
charges and the corresponding voltage/current os-
cillograms for water conductivity of 100 μS/m. 

 
The initial oscillations of the current waveforms are at-

tributed to a capacitive effect due to the fast rise of the ap-

plied voltage. Below the breakdown voltages, the stepped 
leader process ceases after several steps. The time intervals 
between streamer corona steps decrease with voltage, and 
are distributed in the range 1-5 ㎲. The numbers of 
streamer current pulses for the negative polarity are much 
greater than those in the positive polarity. Consequently, 
the pre-breakdown development is initiated by the streamer 
corona and the streamer to leader transition takes place 
after a dead time and this discharge process is repeated. 
Two physical processes, namely the ionic drift and the 
channel expansions occur during the pause time between 
the current pulses [16], [17]. 

A number of streamer corona branches appear as the ap-
plied voltage increases. Above the breakdown voltage level, 
the fastest streamers are able to bridge the test gap and to 
cause arc formation. Fig. 4 displays typical voltage/current 
waveforms recorded when breakdown has occurred. 

The sequence of corona current pulses corresponds to 
the streamers propagating towards the plane electrode. In 
the presence of both the positive and negative polarities, it 
is clear that electrical breakdowns occur due to the stepped 
leader propagation. The pre-breakdown processes are suc-
cessively sustained by a stepped leader regime to the 
breakdown. The streamer current pulses take place inter-
mittently, and the time interval between the corona current 
pulses indicates an extensive stepped leader regime. The 
amplitudes of the streamer corona current pulses are very 
irregular, and the time intervals between streamer current 
pulses are seen to be distributed in the range 1-2 ㎲.  

 

 
 Positive polarity           Negative polarity 

Fig. 4. Time-integrated photographs of streamer discharges 
and the corresponding voltage/current oscillograms 
when the water conductivity is 100 μS/m. 

 
The overall shapes of the positive pre-breakdown current 

waveforms are similar to those of the negative streamer 
current pulses, which are much greater than the positive 
currents. In the case of the negative polarity, the amplitude 
of the streamer corona current is increased at the beginning 
part of the pre-breakdown, then decreases after some ex-
tension, followed by an increase just before the breakdown. 
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The time intervals between the streamer corona pulses in 
the negative polarity are similar to those in the positive po-
larity, it appears that the pre-breakdown development 
mechanisms for both the positive and negative polarities 
are basically the same.  

The underwater breakdown is principally an electrical 
discharge process caused by the avalanche effect of the air 
in the bubbles. When a very high electric field is rapidly 
applied at the tip of the needle electrode in the water, the 
thermal process leads to the creation of air bubbles in 
which electrical discharges develop. When the streamer 
corona is initiated in the water, air bubbles are generated, 
which first expand and later collapse. It is found that the 
lower the water conductivity, the lower the streamer incep-
tion voltage. The underwater breakdown mechanism asso-
ciated with the ionization of the gas in the bubbles has been 
previously reported by some researchers (see for example 
[3], [18], [19]).  

In order to investigate the temporal development of the 
streamer corona discharges in water, a fast gated ICCD 
camera has been employed, and the temporal development 
of the optical emission images, after initiation of the strea-
mer corona, has been observed and recorded. The camera 
is triggered by the signal, which detects the charging volt-
age of the Marx generator and after a delay to the first ex-
posure for a fixed time according to the time setting condi-
tions, eight frames of the temporal development of the 
streamer corona discharge can be consecutively recorded 
with the ICCD camera. Fig. 5 shows examples of the time-
integrated photographs of some streamer discharge light 
images, recorded by the ICCD camera. 

Fig. 5(a) illustrates the growth process of a positive 
streamer in water when a voltage of 37 kV is applied 3.2 
㎲ after the first frame. The exposure time of the frame is 
0.2 ㎲ and the inter-frame time is zero. The shutter time of 
the ICCD camera has been set to 1 ns, and the optical set-
ting of the camera, including the intensification gain, is 
kept the same for each photograph. Streamers in liquids are 
generally classified as fast and “filamentary” for streamers 
emanating from the positive electrode, or slow and “bush-
like” for streamers emanating from the negative electrode 
[14]. Many streamer branches have been observed, and the 
streamer propagation length increases linearly with time. In 
the case that the positive impulse voltage is applied to the 
needle electrode, after a time of 3.2 ㎲ the streamer coro-
nas are initiated at the tip of the needle electrode, and they 
begin to propagate toward the plane electrode. It is obvious 
that the light image of the streamer coronas is brighter and 
the streamer channel is thicker near the tip of the needle 
electrode.  

Fig. 5(b) illustrates the growth process of a negative 
streamer in water; the first frame is taken at a voltage of 85 
kV, after a delay of 3 ㎲ from the origin. The exposure 
time of the frame and the inter-frame time are 2 ㎲and 7㎲, 
respectively. The last frame is taken with a long inter-frame 
time to record the final jump image bridging the test gap. 
Each of the streamer coronas consists of many branch 
channels spreading towards the plane electrode, and all the 

branch channels develop radially. The number of negative 
streamer branches is much larger than that of the positive 
streamer branches. The light images emitted by the strea-
mer discharge developments are generally similar from 
frame to frame. The traces of the consecutive streamers 
from the needle electrode or the leader channel tip are not 
of equal length but, the leader streamer does move persis-
tently into the test gap. In addition, the streamer corona 
branches in water of higher conductivities are much thicker 
and brighter than those in lower conductivities at the same 
applied voltage levels. 

 
[3.2㎲] [3.4㎲] [3.6㎲] [3.8㎲]

[4.6㎲][4.4㎲][4.2㎲][4.0㎲]

[3.2㎲] [3.4㎲] [3.6㎲] [3.8㎲]

[4.6㎲][4.4㎲][4.2㎲][4.0㎲]

 
(a) Positive 

[3㎲] [12㎲] [21㎲] [30㎲]

[70㎲][57㎲][48㎲][39㎲]

 
(b) Negative 

Fig. 5. Typical examples of the time-integrated photo-
graphs of streamer discharge light images observed 
by the ICCD camera when the water conductivity 
is 100 μS/m. 

 
The propagation length of the streamer corona discharge 

around the tip of the needle electrode, in radial directions, 
is not uniform, as shown in Fig. 5. The streamer corona 
expands intensively in the axial direction of the needle 
electrode, in comparison with the lateral direction, because 
of the conical tip end of the needle electrode. The propaga-
tion length of the visual streamer corona increases with 
increasing applied voltage until electrical breakdown oc-
curs, as reported in the literature [6]. The streamer propa-
gation length is directly obtained from the time-resolved 
photographs taken by the ICCD camera, and Fig. 6 shows 
the variation of the maximum streamer propagation length 
for different water conductivities as a function of peak voltage.  

The propagation length of the positive streamer corona 
is very erratic, irrespective of water conductivity. Although 
the data in the negative polarity are dispersed, the propaga-
tion length of the streamer coronas is linearly proportional 
to the peak voltage. During the propagation of the streamer, 
numerous micro-bubbles are produced, not only in the vi-
cinity of the stem of the leader but also at the tip of the 
streamer. The size of bubble must be sufficient for growth 
of the streamer corona and the conversion into a fast 
breakdown streamer, according to the theory of discharge 
in liquids in microseconds [5]. 
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(a) Positive 

 
(b) Negative 

Fig. 6. Propagation length of the streamer corona as a func-
tion of applied voltage 

 
The difference between streamer propagation lengths in 

consecutive photographs corresponds to streamer extension 
during the inter-frame time. From these measurements, the 
average streamer propagation velocity can be calculated, 
and Fig. 7 illustrates the average streamer propagation velocity 
as a function of water conductivity. 

Positive streamers with an average propagation velocity 
of about 2.9 km/s have been observed, but the average 
propagation velocity for the negative streamers is found to 
be approximately 0.5 km/s. The average propagation ve-
locities for both the positive and negative streamers are 
found to be independent of the water conductivity. The 
average propagation velocity during steps for positive 
streamers is approximately 60 times faster than that for 
negative streamers, but it is much less than the drift veloc-
ity for electrons in water vapor at room temperature [20].  
Katsuk, et al. [9] have reported that the propagation veloci-
ties of positive streamer discharges between wire and plane 
electrodes in tap and distilled water have almost the same 
values of 32 mm/㎲, despite the different appearances of 
the discharges. In addition, the propagation velocity stays 
almost constant during the time that the voltage is applied, 
despite the fact that the distance between the streamer head 
and the plane electrode reduces with time. The average 
streamer propagation velocity is constant during the time 
that the voltage is applied and has almost identical values 

for different voltages. This effect is explained by consider-
ing the energy flow into the streamer head and its effect on 
the thermal expansion of the head [9]. 

 

 

Fig. 7. Average propagation velocities of the streamers as a 
function of water conductivity. 

 
The slow streamer can indicate a streamer filled with 

microbubbles of multiple sizes, that is, new phases of water 
are formed. The mechanism of the bubble formation is ga-
seous cavitations, which may develop due to Coulomb 
forces. The first microbubbles may originate from gas ad-
sorbed and absorbed on the electrodes, gas dissolved in 
water, and gas formed by water dissociation. This new 
phase is charged, and the carriers can originate from the 
microbubbles after being ionized and the internal gas being 
discharged [21]. 

 
3.2 Breakdown Characteristics  

 
The dependence of the breakdown voltage on the con-

ductivity of the water has been investigated in the current 
research. The underwater breakdown, caused by the im-
pulse voltage, is not stable because of the randomness of 
the streamer corona propagation. The electrical breakdown 
voltage is determined by the up and down method, with 
using a voltage difference of 2 kV; Fig. 8 shows the im-
pulse breakdown voltages against water conductivity for 
both positive and negative polarities. The negative break-
down voltages are significantly higher than the positive 
breakdown voltages and the positive breakdown voltages 
appear to be inversely proportional to the water conductiv-
ity. The breakdown voltage – water conductivity curve for 
the negative polarity, shows a U-shape, and the minimum 
breakdown voltage appears when the water conductivity is 
around 2,000 μS/m. 

It is demonstrated that the polarity effects on the electri-
cal breakdown of liquids basically arise from the large mo-
bility difference between electrons and ions. The higher 
electron mobility leads to greater charge smearing and dif-
fusion which influences the electric field distributions. 
Non-linear coupling between the number density, electric 
field and charge production rates then collectively affects 
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the formation and propagation of ionized channels, and 
influences the light emission characteristics [22]. 

 

 

Fig. 8. Impulse breakdown voltages versus water conduc-
tivity. 

 
Fig. 9 shows the breakdown voltage – time (V-t) charac-

teristics for the test gap, where the breakdown voltage is 
taken as the peak value of the applied voltage, and the time 
is the time-lag to the breakdown. This time-lag to break-
down is strongly dependent on the polarity of the applied 
voltage, and is insensitive to water conductivity. The time-
lags to breakdown under positive polarities are much 
shorter than for the negative breakdown ones. The time to 
breakdown in the positive and negative polarity cases 
ranged from about 2 ㎲ to 30 ㎲, and from 55 ㎲ to 120 
㎲, respectively. The V-t curves for the lower water con-
ductivities lay in the upper part in a longer time range.  

 

 

Fig. 9. Breakdown voltage-time characteristic curves as 
parameters of the water conductivity and the polar-
ity of applied voltage. 

 
Also, the scatter of the breakdown voltages in the nega-

tive polarity cases are distinguished, and may arise from 
many factors, including random variations in the mean 
speed between leaders, the streamer corona progression 
and the avalanche effects in the microbubbles during the 
pre-breakdown processes. 

The system for measuring and analyzing impulse voltage 

and current is suitable for estimating the energy injected 
from the source to the test gap, prior to the breakdown. 
Typical voltage, current, power, and energy waveforms 
obtained from the impulse measuring and analyzing program 
for the water conductivity of 10,000 μS/m in the negative 
polarity are shown in Fig. 10, where the delay to the elec-
trical breakdown suggests that there is a critical energy for 
the streamer bridging the test gap. 

 

 

Fig. 10. Typical voltage, current, power and energy wave-
forms obtained from the impulse measuring and 
analyzing program for the water conductivity of 
10,000 μS/m in the negative polarity. 

 
Fig. 11 illustrates the relation between the pre-

breakdown energy and the water conductivity. The pre-
breakdown energy for both the positive and negative po-
larities was nearly proportional to the water conductivity. 
Unfortunately, there is no measurable energy from the pre-
breakdown current pulses, excluding the ionic current. The 
pre-breakdown energy strongly depends on the ionic cur-
rent flow, which is approximately linearly proportional to 
the water conductivity. Because the same conduction cur-
rent flows through the test gap before breakdown in higher 
water conductivity, the pre-breakdown energy is much 
more than that in lower water conductivities. In the case of 
the same water conductivity, the negative breakdown volt-
ages are much higher than the positive breakdown voltages. 

Also, the negative time-lags to breakdown are much 
longer than the positive time-lags to breakdown, as shown 
in Fig. 9, so it is considered that the negative pre-
breakdown energy is significantly increased by the accu-
mulation effect of the longer time-lag to breakdown and 
the higher breakdown voltage. It is known from the insen-
sitivity of the time-lag to the breakdown on the water con-
ductivity that the bulk and local heating by ionic pre-
breakdown currents does not contribute much to the initia-
tion of the breakdown process [10]. 
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Fig. 11. Pre-breakdown energy as a function of the water 
conductivity. 

 
Some energy deposited into the test gap during the pre-

breakdown streamer corona propagation is required for the 
formation of microbubbles at the tip of the needle electrode. 
The size of the microbubbles must be sufficient for growth 
of the streamer, according to the theory of discharges in 
liquids in the microsecond timescales [9], [23].  

The sequence of current pulses corresponds to streamer 
corona propagating towards the plane electrode. During the 
streamer corona period of discharge developments, gaseous 
bubbles are formed at the tip of the needle electrode [23]. 
The pre-breakdown streamer corona is followed by the 
formation of stepped leaders propagating towards the plane 
electrode [24]. The stepped leaders propagate as two 
modes, namely, (a) rapid development of the ionization 
zone at the tip of the leader channel, and (b) a pause at the 
end of which the previous ionization zone is transformed 
into a new section of the leader channel, accompanied by 
the formation of a new ionization zone [12], [21], [23]-[24]. 

 
 

4. Conclusions  
 
The temporal behaviours of streamer corona initiation 

and propagation has been observed and investigated to 
characterize underwater pre-breakdown and the breakdown 
processes in highly inhomogeneous electric fields under 
impulse voltages. The results presented show that the suc-
cession of streamer coronas during pre-breakdown pro-
duces a stepped propagation of leaders. Above the break-
down voltage level, the stepped leaders propagate up to the 
plane electrode after some steps, and breakdown takes 
place. The pre-breakdown currents consist of the conduc-
tion current and streamer corona current pulses. It is found 
that the avalanche effect of the gas in the bubbles plays a 
dominant role in initiating and developing the streamer 
coronas and the stepped leaders. The underwater break-
down voltages strongly depend on the polarity of the ap-
plied voltage. The average streamer propagation velocity 
for both the positive and negative polarities does not appear 
to depend on the water conductivity. The breakdown volt-
ages and time-lags to breakdown in the negative polarity 
are significantly higher and longer compared with the data 

in the positive polarity situations.  
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